Abstract Majority of underwater robots utilize single propeller thrusters for navigation. A disadvantage of using a single-shaft propeller thruster is that the thrust force generated from a single propeller for reverse and forward thrust is asymmetric due to the disturbed flow caused by the thruster's body which may reduce thruster efficiency. Moreover, measurement procedures to precisely calculate propeller's rotation speed were also not available. To address these problems, this paper proposes a dual-shaft magnetic coupling-driven propeller thruster for underwater robot, equipped with sensors for measuring propeller's rotational speed. Numerical studies and experimental results on the position and orientation control of the proposed thruster are presented. Detail comparison of the rotational speed, thrust force and duty ratio between numerical calculation and actual experimental measurement results show the effectiveness of the proposed thruster. This paper also demonstrated that by using the proposed thruster, the control performance of an underwater robot can be improved significantly compared to commercially available thruster. The ability to determine propeller rotation directions is also a major advantage of this work.
Introduction
As underwater operations explore into extreme depths and dangerous environments which is beyond the reach of human divers, underwater robots grow further in importance and utilization. For this reason, various development activities have been carried out by researchers for the advancement of underwater robots technology [1] [2] [3] [4] . However, one of the issues faced in the development of underwater robots is the nonlinear behavior of the underwater thrusters which affects the robot motion control. Generally, single-shaft propeller thrusters were used in underwater robots researchers compared to dual-shaft propeller thrusters [2] [3] [4] . Moreover, we have been designing an underwater vehicle-manipulator system (UVMS), which is also utilizing six single-shaft propeller thrusters [5] [6] [7] . Usually, a single-shaft propeller thruster typically comprises an electric motor, propeller blade and a magnetic coupling mechanism. While a dual-shaft propeller thruster consists of two magnetic couplings, two propeller blades and an electric motor. Magnetic coupling is use to transmit torque through an air gap between motor driven shaft and load shaft (propeller). This mechanism provides several advantages such as cushioned start, low power usage and low maintenance cost. Through several experiments, we observed that the design of single-shaft propeller thruster gave a significant effect on the overall control performance of the UVMS. For instance, the thrust force generated from a single propeller for reverse and forward thrust is asymmetric due to the disturbed flow caused by the thruster's body which may reduce thruster efficiency. This causes difficulty when controlling UVMS for motions such as hovering and manipulating an object by using robotic arm. We assumed that a dual-shaft propeller thruster is capable of producing a symmetric thrust force for reverse and forward. However, due to magnetic coupling mechanism, it is difficult to measure precisely the actual rotational speed of the propellers and the thrusts generated from it. Furthermore, with the increase of torque, slip in the magnetic couplings can occur due to the air gap between couplings. Hence, there is no guarantee that the propeller's rotational speed is similar to the motor.
The objective of this study is to design and develop a dual-shaft magnetic coupling-driven propeller thruster equipped with sensors which are able to measure rotational speed of the propellers. In our design, the thruster is equipped with reflective photosensors in order to directly obtain the propeller's rotational speed. Furthermore, we also propose a method for calculating the actual input signal to produce the desired thrust based on the data collected from the sensors. In this paper, thrust control experiments have been carried out to verify the performance of the proposed thruster. Finally, results of comparison on the control performances of an underwater robot, using the developed thrusters and also commercially available thrusters are described.
Dual-shaft propeller thruster design
In this section, the developed dual-shaft propeller thruster driven by co-axial magnetic coupling is described. Figure 1 shows the actual thruster that we have developed. Two Raboesch 3-blade brass propellers are being used. A dual-shaft Faulhaber 3863A024C DC motor with planetary gearheads is being used to drive two sets of MTL-03 co-axial magnetic coupling from Magnetic Technologies. The motor is controlled by a PIC30F3010 microcontroller. As shown in Fig. 1 , the magnets which are attached on the motor shaft are driven by a single DC motor inside a waterproof container. The other magnets are connected to the propeller via a load shaft. Table 1 shows the physical parameters of the developed thruster.
In our thruster design, we have utilized reflective photosensors which is a non-contact type of sensor to directly measure the propeller's rotational speed in underwater environment. Two units of RPR-220 (ROHM Co. Ltd.) reflective photosensors were embedded in both of the motor shaft housings facing towards the propeller as shown in Fig. 2a . The reflective photosensors consist of an infrared emitted diode and a phototransistor which can detect the reflected infrared light. The infrared light is reflected by a metal disc which is attached on the propeller's shaft, located between the propeller shaft housing and propeller as shown in Fig. 2b . The metal disc will rotate along with the propeller. The disc is carved with eight holes and layered with thin black-colored rubber attached on the back of the discs which is to prevent infrared reflection. The metal-reflective surface and black-colored rubber surface make a perfect reflecting and non-reflecting surfaces.
As shown in Fig. 2a , the reflective photosensors are embedded in such a way that provides two voltage outputs with the phase differences of 90°. When the propeller and metal disc rotated, the rotational speed can be calculated by the embedded sensors. Moreover, the voltage outputs phase differences of 90°provide the ability to determine the directions of rotation for both propellers. The metal discs have 8 holes, where 1 rotation of the propeller produces 32 pulses (11.25°/pulse). The relationship between number of pulse and rotational speed is expressed with 
where R is propeller's rotational speed (unit, rpm), T is sampling period (unit, s) and P is number of pulse between a sampling period.
Experiments and results

Thruster control system
The objective of this experiment is to show the performance of the developed thruster by measuring the actual propeller's rotational speed and thrust force. Then, the thrust control method based on PI (proportional-integral) control system which was implemented in the design will be described. Figure 3 depicts the thruster-water tank setup employed in this experiment to measure and analyze thrust force generated from the developed thruster. This experiment has been carried out using two units of the newly developed thrusters. In this setup, a thruster was attached with three sets of pulley wheels. It was then mounted on an aluminum frame which only permits the thruster to move upward and downward. To measure the thrust force, the thruster was connected to a SHIMPO FGP-5 force gauge via cable. The thruster was supplied with 200 Hz PWM input signal from PIC microcontroller. Due to the dual-shaft propeller design, the thruster needed to be manually turned upside down in order to test both propellers.
For the experiment steps, first, the duty ratio of PWM input signal was increased from 1 to 10 % (increase of 1 % for every 20 s). Then, the duty ratio was increased further from 10 to 100 % (increase of 10 % for every 20 s). The measurements were taken for clockwise and counterclockwise rotation of the propellers. From these experiments, the dependence of the thrust force (measured by force gauge) and propeller's rotational speed (measured from reflective photosensors) on the duty ratio supplied to the thruster were investigated. Based on our findings, both developed thrusters were able to generate thrust forces which were significantly similar either for clockwise or counter-clockwise rotation of the propellers. Figure 4a , b shows the relation between thrust force and propeller's rotational speed, and relation between the propeller's rotational speed and input voltage (duty ratio), respectively. From these results, third-degree polynomials can be derived as thruster i. The desired input signals for both thrusters which correspond to the desired propeller's rotational speed can be calculated by the following equations:
where u i (duty ratio, unit, %) is the desired input signal. Next, in order to explain our method of controlling the developed thruster's thrust force, we will consider thruster 1 (i = 1) only. First, the desired rotational speed that corresponds to the desired thrust force can be obtained from Eq. (2). Then, the desired input signal that corresponds to the desired rotational speed can be obtained using Eq. (4). Finally, by implementing these desired values and propeller's rotational speed R i measured through reflective photosensors into a PI control system, the actual input signal to control the thruster can be calculated by
where k P is proportional gain and k I is integral gain. We have also carried out experiments to show the effectiveness of the proposed controller in Eq. (6) by comparing it with calculation method using Eqs. (2) and (4). The experimental setup is shown in Fig. 3 . Figure 5 shows the measurement results of the actual propeller's rotational speed and thrust force generated from thruster 1 using Eqs. (2) and (4) . Note that the experiments were carried out by altering the desired thrust force (2, 5, 10, 5, 0 and 15 N) for every 20 s, and the sampling period was 0.05 s. As shown in Fig. 5 , the actual measurement results of the rotational speed and thrust force generated from the thruster produced significant deviation from the desired values based on calculation of Eqs. (2) Fig. 6 Experimental results for thruster 1 using PI control the other hand, Fig. 6 shows the results of the thrust control using the proposed controller in Eq. (6), where k P = 0.031 and k I = 0.0017. From Fig. 6 , it can be seen that the deviations in Fig. 5 were significantly reduced. These experimental results show that the accuracy of the thrust force generated by the thruster can be improved by using the proposed controller.
Underwater robot control
This experiment was carried out to show the effectiveness of the developed thruster on an actual underwater robot.
Basically, the robot is equipped with six units of commercial thrusters (single propeller) from Mitsui Engineering and Shipbuilding. Figure 7 shows an image of the commercial thruster. In this experiment, we substituted two single thrusters that were attached vertically with the proposed thrusters. Figure 8 shows an illustration of the overall setup for experimenting thrusters on a UVMS by measuring the robot position and orientation using the proposed thrusters.
The measurement and control systems consist of two units of CCD cameras, a video tracker and a personal computer. Three LEDs were attached to the robot base, and these LEDs were monitored by two units of CCD cameras. Through these cameras, video signals from the LEDs were converted into position data by an X-Y video tracker and transmitted to PC for calculation of the positions and orientation of the robot base. Furthermore, the robot control was achieved using resolved acceleration control (RAC) method with sampling period of 1/60 s [5] [6] [7] . For experiments using the proposed thrusters, the gain for rotational speed control were set as k P = 0.031 and k I = 0.0017, respectively. As explained previously, our developed UVMS utilized six units of commercially available single propeller thruster. In this experiment, first, we tested using the commercial thruster. Then, as shown in Fig. 8 , two of the commercial thrusters that have been attached vertically were replaced with two newly developed dual-shaft propeller thrusters. As for the experiment steps, the robot base was controlled to move 0.15 m downward. Then, results of position and orientation (x, y, z, roll, pitch and yaw axes) of the robot were computed into the computer. In our setup, the movement of the robot can be controlled using a computer or a master-slave controller [7] . The results for the experiment using the commercial thrusters and the proposed thrusters are shown in Figs. 9 and 10. Figure 9 shows that the commercial thrusters produced large vibration on x axis during the first 20 s from the start of movement. Large vibrations also recorded during the first 20 s in y axis, and during the first 40 s in z axis. Orientation (roll, pitch and yaw) of the robot base also demonstrated large vibrations for the first 40 s. However, Fig. 10 shows that by using the proposed thrusters, the movement of the robot demonstrated no large vibration occurrence on position and orientation axes. This is because of the ability of the proposed thrusters to generate thrust forces which were significantly similar either for clockwise or counter-clockwise rotation of the propellers as shown in Fig. 4 . Moreover, the proposed thrusters have been equipped with reflective photosensors that were capable of obtaining actual propeller's rotational speed, thus, reducing vibration during movement compared with the commercial thrusters. The above results proved that the proposed thrusters design demonstrated good performance compared to the commercial thrusters.
Conclusions
In this paper, a dual-shaft magnetic coupling-driven propeller thruster for underwater robot equipped with sensors for measuring propeller's rotational speed was proposed. Numerical studies and experimental results on the position and orientation control of the dual-shaft propeller thruster shows the effectiveness and better performance of the developed thruster compared to commercially available thrusters. The ability to determine propeller rotation directions is also a major advantage of the design. 
